Effects of grain size and interstitial solutes, N, O and C, on the hardness of titanium were studied at room temperature. The grain size dependence of the hardness is expressed by the Hall-Petch type equation; H=Ho+KHd-1/2, where the constants Ho and KH vary linearily with the square root of the interstitial concentration. The relative effectiveness of N, O and C on the hardness is 1.4:1.0:0.73. The linear dependence of Ho and KH on the square root of the interstitial concentration could be understood from the fact that good agreement was found between one-third of the hardness and the tensile flow stress at 8% strain and from the observations that the effective strengthening by the various interstitials was the same for the hardness as for the tensile flow stress and that the flow stress was a function of dislocation density.
I. Introduction
Early in the 1950's Hall(1) and Petch(2) first observed the effect of grain size on the lower yield point in alpha iron. At nearly the same time Tabor (3) showed for a number of polycrystalline materials that their hardness should be directly related to their yield or tried to correlate the hardness to the yield stress by a simple relation such as (1) constant. This experimental constant A has been reported to be approximately 3 for a material showing no work-hardening and larger than 3 for the one exhibiting work-hardening., commonly expressed by the Hall-Petch equation(1)(2):
(2) the average grain size. From eqs.
(1) and (2) we would expect that
where (4) and (5) Armstrong and Jindal7 have reported, based on the hardness data by Hu and ClineW and the grain size dependence of the yield stress by Guard(9), that titanium.
They explained the inequality (6) by noting that the hardness should be correlated with the flow stress at some value of strain rather than the yield stress, as suggested by Dugdale(10). Tabor(3) has shown that the hardness of several metals is well related to the flow stress at 8% strain with the multiplication constant A being 3. In accord with this, it has been found by the present authors(1) that there is good agreement between K,13 and K at 8% tensile flow stress for recrystallized unalloyed titanium of various purity levels. The tensile flow stress of titanium is known to be influenced by the grain size and the presence of the interstitial impurities, N, O and C, all of which produced tetragonal distortions in the titanium matrix. The objective of this work was therefore to study the effects of grain size and interstitial content on the hardness of Ti-N, Ti-O and Ti-C alloys at room temperature.
II. Experimental Procedures
Ti-N, Ti-O and Ti-C alloys were prepared by adding 99.8% TiN, 99.9% TiO2 and spectroscopic carbon powder to MARZ grade zone-refined titanium and melting in a vacuum of less than 10-6 torr with an electron beam. Zone-melted ingots of the alloys were increase in oxygen due to the preparation and processing of the alloys was found (other than that desired for the Ti-O alloys), the analysis being within the range of the as-received MARZ grade titanium. The chemical analyses of the alloys are given in Table  1 . Homogenized bars were swaged at room temperature to 1.2mm diameter wires without any intermediate annealing, representing a reduction in area of approximately 96%. The recrystallization and grain growth studies for Ti-N(12), Ti-O(13) and Ti-C alloys(14) are reported elsewhere. After annealing, the specimens were mounted in a cold self-setting resin, ground and polished using conventional metallographic techniques, and. finally chemically polished using a HNO3-HF solution.
Hardness tests were made at room temperature on chemically polished planes of longitudinal sections of the wires by using a Shimadzu microhardness tester, type M, with a 1kg load. Grain boundaries were welletched by an aqueous solution of HF(2%) and H2O2 (2%) for 10 sec after chemically removing with a HNO3-HF solution the scratches inherited from mechanical polishing. Grain sizes of the annealed specimens were measured by the linear intercept method.
III.
Results and Discussion Depicted in Fig. 1 is the grain size dependence of the hardness for Ti-N, Ti-O and Ti-C alloys at room temperature. In all cases the hardness versus the reciprocal of square root of grain size follows the HallPetch type equation (eq. (3)) for the entire range of grain sizes studied. Not only the intercept value, Ho, but also the slope of the straight lines, KH, vary with the interstitial content, both increasing with increase in interstitial content. The values of Ho and KH are given in Table 2 . Ho is plotted against the square root of interstitial drawn through the data points from a common origin.
sed by
and (9) Similarly, KH is plotted against the square root of interstitial content in Fig. 3 , where straight lines can again be drawn through the data points from a 
Similarly, Tyson (17) has reported the relative effectiveness of carbon, oxygen and nitrogen on the flow stress at 0.2% strain for titanium alloyed with carbon, oxygen and nitrogen(18) to be (16) derived the relative effectiveness of the interstitial solutes as strengtheners from the linear dependence of the stress on the interstitial concentration. However, both the thermal and athermal components of the flow stress depend on the square root of the interstitial content in titanium (19) . Thus, the relative ratios given by eq. (15) or (16) would be almost the same as those by eq. (13) or (14) if the square root is taken.
In conclusion, the influence of the interstitial solutes, N, o and C, on the hardness of titanium is such that the intercept and slope of Hall-Petch plots of the hardness versus grain size vary linearily with the square root of the interstitial content. Further, good agreement was found between one-third of the hardness and the tensile flow stress at 8% strain for titanium(11) and the effective strengthening by the various interstitials is the same for the hardness as for the tensile flow stress. Therefore, on the basis of the relationship between hardness and the tensile flow stress proposed by Tabor (3), we obtain (17) where A' is a multiplication constant which has been found to be 3 for unalloyed titanium of various impurity levels(11). Moreover, the linear dependence following. On the basis of the work hardening model(21 for the effect of grain. sizA, on the flow stress, the and grain size d is given by the equation (18) Combined tensile flow stress and dislocation density measurements on titanium indicated that (20) 
eq. (19) with eq. (17) indicates that (20) and (21) already been observed in the present study.
It is now generally accented that the flow stress of obtain (22) present results are in accord with the earlier conclusion (20) (22) (26) .
IV. Summary
(1) The hardness of recrystallized Ti-N, Ti-O and Ti-C alloys at room temperature is described by the Hall-Petch type equation; H=Ho+KHd-1/2, where d is the grain size, Ho and KH the constants which vary linearly with the square root of the interstitial concentration.
(2) The relative effectiveness of N, 0 and C on the hardness through Ho and KH is 1.4:1.0:0.73, the ratios being in accord with those for the tensile flow stress. The linear dependence of Ho and KH on the square root of the interstitial concentration is in accord with the electron microscopy observations that the square root of the dislocation density increased linearly with the square root of the interstitial concentration.
